Abstract: Detailed field mapping in the Regensburg Forest, West Bohemian Massif, has enabled us to trace the distribution of a group of minor intrusions (granodiorites, granite porphyry dykes, two-mica granites). In order to unravel their genetic relation and to constrain their age, geochemical and geochronological studies were carried out.
Introduction and geological problem
The Regensburg Forest (northwest Bavarian Forest) forms part of the Moldanubian basement at the western margin of the Bohemian Massif. It is bounded by the Bavarian Pfahl zone in the NE and by the Danube fault zone in the SW (Fig. 1) . As a segment of the Variscan orogenic belt, which resulted from the collision of Laurasia, Gondwana and several microplates (Matte 1986 , 2001 , Franke et al. 1995 , Tait et al. 1997 , McKerrow et al. 2000 , the Regensburg Forest comprises a supracrustal rock assemblage of the Moldanubian Monotonous Series. Deposition of the sedimentary precursors (greywackes and pelites intercalated with minor quartzitic rocks and calc-silicates) took place between 600 and 490 Ma (Grauert et al. 1974 , Gebauer et al. 1989 , Teipel et al. 2004 . During the late Neoproterozoic and early Ordovician, these sequences were locally intruded by mafic and felsic plutonic rocks (Teipel et al. 2004 ). Sedimentary and magmatic sequences experienced polyphase metamorphism during the Palaeozoic and were transformed into foliated gneisses, migmatites and more or less homogeneous diatexites (Andritzky 1962 , Propach 1977 , Propach et al. 2000 , Kalt et al. 1999 . During the Carboniferous, crustal anatexis culminated and led to the formation of granitic magmas (Finger et al. 1997 , Henk et al. 2000 . In the Regensburg Forest a well-known product of this melting event is the Kristallgranite I (term coined by Gümbel 1868), a coarsegrained granite with large phenocrysts of K-feldspar (Fischer 1959 , Kraus 1962 , Köhler & Müller-Sohnius 1986 , Propach 1977 , 1989 . Minor magmatic rocks in the region comprise granodiorites, two-mica granites and granite porphyry dykes. This contribution is an attempt to outline the distribution of these intrusions and to constrain their origin and crystallization time using major 
Field description and petrography
All of the investigated granitoids occur within the area of the 1: 25000 map sheet Stallwang, located approximately 40 km east of the city of Regensburg (Fig. 1) . The distribution of these rocks was recently established by Hann (2005) in the framework of a geological mapping project (Fig. 2) . A granodiorite, previously known as Stallwang granodiorite, forms several bodies elongated in a NW -SE direction. The largest body has a dimension of 2 km × 350 m. The granodiorite consists of plagioclase (andesine-labradorite), biotite, quartz and K-feldspar with accessory zircon, apatite, titanite and opaque phases (Fig. 3  A) . It is host of abundant enclaves of magmatic and sedimentary origin (Griebel 1970) . Large K-feldspar crystals with reaction rims and ovoidal to idiomorphic shapes (Fig. 3 B ) also occur and have been interpreted as xenoliths derived from a magmatic precursor (Troll 1967 , Griebel 1970 . The granodiorite has a jointing pattern which made the rocks suitable for quarrying. The sample taken for dating was collected from the abandoned Kirchenberg quarry, 1 km N of Pilgramsberg (for location see Fig. 2 ). A detailed petrographic examination of the rocks from this locality was carried out by Troll (1967) and Griebel (1970) .
The two-mica granite forms several lenses or occurs in a large body of leucocratic granite. The granite was first described by Endlicher (1968) but its exact surface distribution was established during recent field mapping (Hann 2005) . The granite crops out mainly NE and SW of the granodiorite (Fig. 2) . The largest body is 2 km thick and 3 km long. The two-mica granite is homogeneous, fine-to medium-grained, equigranular and hypidiomorphic and made up of plagioclase, K-feldspar, quartz, biotite, muscovite ± monazite ± zircon ± opaque minerals. Muscovite is a common mineral (Fig. 3 C) and of magmatic origin, providing evidence for a middle to deep crustal emplacement depth of the granite. Where exposed, the granite cuts through the diatexites with sharp contact. Locally, rounded xenoliths of gneiss are . Isotopic analyses were performed on three rock-types (Stallwang granodiorite, two-mica granite, granite porphyry dykes) and the localities from which specimens were dated are indicated. Fig. 3 . Rock-types investigated in this study. A) Stallwang granodiorite, with twinned plagioclase set in a medium-grained groundmass consisting of feldspar, quartz and biotite; B) typical macroscopic appearance of the Stallwang granodiorite; the dark spots are "books" of biotite. A fragment of a single K-feldspar megacryst can be seen in the centre of the photograph; the K-feldspar did not crystallize from the magma, but was incorporated in the melt (see Griebel 1970) ; C) two-mica granite with medium-grained equigranular texture; conspicuous muscovite flake below centre; D) granite porphyry dyke with phenocrystic plagioclase (left side) and K-feldspar, (right side). The matrix in between, consisting mostly of quartz, is very fine-grained. All thin section photographs shown in crossed polars. present in the granite. For isotope analyses, a sample was collected from an outcrop in the southwest part of the main intrusive body, 500 m NE of Auenzell.
In the SW corner of the study area, a number of subvertical granite porphyry dykes occur with a general NW -SE strike. These rocks were first mapped by Endlicher (1968) . More detailed mapping and delineation of the boundaries favours the existence of a local dyke swarm consisting of about ten individual dykes (Fig. 2) . The dykes have widths of up to 100 m and can be traced along strike for 600 m (Hann 2005) . The rocks are more resistent to weathering than the surrounding gneisses and form small linear streaks and ridges. They intersect the diatexites but they also cut the two-mica granites (Fig. 2) .
Gneissic xenoliths are frequently observed. The dykes are massive, fine-grained rocks composed of feldspar phenocrysts, biotite and quartz macrocrysts, set in a finegrained groundmass of plagioclase, K-feldspar, quartz, biotite and muscovite (Fig. 3 D) whereby muscovite is inferred as subsolidus alteration product. Accessory minerals include zircon, apatite and opaque minerals. The dykes exhibit a prominent fracture system and they were quarried in the past. The sample taken for dating was collected from an abandoned quarry situated along the western limb of the Kobelberg.
The strike of the granodiorite is NW (160˚). The granite porphyry dykes have the same strike direction (Fig. 2) . Both intrusions appear to be associated with a crustal shear zone system referred to as "Stallwanger Furche" (Troll 1967) . The magmas intruded from buried fractures oblique to the pronounced NW -SE-trending (120˚) Bavarian Pfahl shear zone. Therefore their emplacement age will provide time constraints for the activity of this shear corridor.
Analytical procedures
Geochemical and isotopic studies were performed in the laboratories of the Institute of Geosciences, University of Tübingen. Major and trace element concentrations were determined using X-ray fluorescence spectrometry on fused glass beads from whole-rock powders. Measurements were performed on a Bruker AXS S4 Pioneer spectrometer by standard analytical techniques (Potts & Webb 1992) . The precision is better than 5 % for major and 10 % for trace elements. Accuracy of individual elemental determinations was tested against international rock standards. For isotope analyses, Rb, Sr, Sm and Nd were isolated by standard ion exchange chromatography (see Chen et al. 2003 Pbevaporation (Kober 1986 , 1987 are described in Siebel et al. (2003) . The U-Pb zircon analyses were carried out by standard isotope dilution methods as described in Chen and Siebel (2004) . U -Pb raw mass-spectrometric 
data were processed using the PbDat program (Ludwig 1993) .
Geochemical composition
Whole-rock geochemical data show a narrow range of composition for each rock-type (Table 1 ). The most pronounced compositional differences exist between the Stallwang granodiorite and the two types of granites (two-mica granite, granite porphyry dykes Geochemical analyses were obtained exclusively from fresh sample material and it seems unlikely that the difference in major and trace element composition between the individual rock-types was caused by alteration processes. More likely, the granites were derived from more differentiated crustal source lithologies compared to the Stallwang granodiorite. Both types of granites have similar geochemical features. However, owing to their higher LREE the granite porphyry dykes cannot represent the final crystallization products of the melt from which the two-mica granite were derived. This is because fractionation of accessory mineral phases normally lowers the LREEs within a granitic melt. As a consequence the granites must have been produced either form different source rocks or by different degrees of partial melting from the same source. 
Geochronology Granodiorite
Four zircon fractions from the Stallwang granodiorite (sample 198) were analysed by the U -Pb isotope dilution method (Fig. 4 A, Table 2 ). Only one fraction yields concordant U -Pb ages at 333 Ma. Two fractions are slightly discordant and plot below the concordia curve at~420 Ma and~510 Ma. These fractions probably contain a larger amount of inherited zircon xenocrysts which might reflect an approximate time of early Palaeozoic magmatic activity or they retain a mixture of old lead from several earlier cycle(s) of zircon crystallization. The presence of inherited Proterozoic zircons is suggested by another zircon fraction from the granodiorite which is strongly discordant and gives a 207 Pb/ 206 Pb age of~2400 Ma. Inherited zircon xenocrysts with U -Pb ages between 2700 and 2000 Ma are known from different regions of the Bavarian Forest (Grauert et al. 1974 , Gebauer et al. 1989 , Teipel et al. 2004 ) both from paragneiss and orthogneiss units.
In order to better constrain the intrusion time of the granodiorite, 207 Pb/ 206 Pb evaporation analyses were performed on 17 individual zircon crystals. Eleven grains turned out to be old giving increasingly older 207 Pb/ 206 Pb ages for successively higher evaporation temperature steps. The ages of the highest temperature step, which might closely correspond to the age of the core, range from 613 to 421 Ma. In all these grains even the lowest temperature evaporation step was characterised by contribution of old ( (Fig. 4 A, Table 3 ) and this age is interpreted as the crystallization age of the granodiorite. A Rb -Sr age on a biotite whole-rock pair indicates cooling through 300 -350˚at 316.2 ± 3.1 Ma (Table 5) .
Two-mica granite
Six analysed zircon fractions from the two-mica granite yielded discordant U -Pb data (Fig. 4 B) . Four fractions are only slightly discordant and lie below the concordia curve between 350 -310 Ma. The remaining two zircon fractions are more discordant with 207 Pb/ 206 Pb ages of 923 and 682 Ma. Whereas the older ages are interpreted to be due to analysing composite grains of magmatic and xenocrystic zircons, the young age of one fraction could result from post-crystallization processes, i. e., later lead loss. The uranium (and lead) concentrations of the zircon fractions are lower compared to that of the zircons in the other granitoids (Table 2 ). This might reflect lower uranium concentration of the two-mica granite melt or sup- pression of uranium uptake in zircons by a competing uranium-bearing accessory phase, like monazite, a mineral which is present in the two-mica granite. In order to obtain better time constraints for the two-mica granite we also performed U-Th -Pb analyses on monazite crystals (Fig. 4 C, Pb/ 232 Th age) which we interpret to represent the crystallization age of the two-mica granite body. A wholerock muscovite Rb -Sr analysis gave an age of 328.8 ± 3.4 Ma consistent with the U -Pb-monazite ages within error indicating rapid cooling. A biotite from the same sample gives a Rb -Sr age of 285.6 ± 2.9 Ma. This young date is likely a result of retrograde disturbance of the Rb -Sr biotite system.
Granite porphyry dyke
The eight zircon fractions from this rock-type yielded discordant U -Pb data with 207 Pb/ 206 Pb ages ranging from 1976 to 330 Ma (Fig. 4 D, Table 2 ). Due to complexities associated with mixing of inherited and newly grown zircon components as well as possible lead loss, no discordia line can be drawn through the data points. However, two fractions yield nearly concordant U -Pb ages around 324 Ma but without further constraints it is unclear whether this represents the crystallization age of the dykes. Additional age data were obtained by the single zircon Pb- Table 3 ). This age which corresponds with two ages from isotope dilution analysis is interpreted as the crystallization age of the granite porphyry dykes.
Sr -Nd isotope ratios
Sr and Nd isotope analyses of whole-rock samples and Sr isotope analyses of minerals are given in 
Discussion

Implications from geochronological data for the emplacement age of the granitoids
The observation that U -Pb dilution data from all our investigated granitoid samples are discordant precludes a unique age interpretation from these data alone. The 207 Pb/ 206 Pb zircon evaporation ages as well as the UTh -Pb monazite ages have largely constrained the crystallization ages of these rocks. These ages demonstrate that the three different rock-types formed more or less contemporaneously at~323 Ma. Cross-cutting field rela- 3 Typical uncertainty in εNd(t) (t = 325 Ma) is ± 0.4. 4 Nd depleted mantle model age (two-stage) with parameters given in Liew & Hofmann (1988). tionship shows that the granite porphyry dykes intrude the two-mica granite. However, the time interval between these intrusions was probably too short to be resolved with the precision of ages obtained in this study.
Our preferred crystallization age for the minor intrusions from the Regensburg Forest is close to the inferred crystallization age of the Kristallgranite I, (West of Stallwang) and also coincides with the U -Pb age of the Ödwies granodiorite (East of Stallwang, Propach et al. 2000) . The intrusions of the granodiorite and the granite porphyry dykes show a prominent NW strike direction (Fig. 2) . These structures are related to coeval activity of sinistral shear deformation between the Pfahl zone and the Danube fault zone ("Stallwanger Furche", Troll 1967). The crystallization age of the granitoids can thus be linked to the activity of this shear zone. In the light of recent data, it appears that pluton emplacement in the Moldanubian zone of Bavaria was rather restricted in time and culminated between 325 and 320 Ma (Propach et al. 2000 , Chen & Siebel 2004 a, b, Siebel et al. 2006 . The magmatic processes operated during a period when a thermal peak of regional metamorphism affected the country rocks as indicated by new zircon, monazite and xenotime growth (Gebauer et al. 1989 , Kalt et al. 2000 , Teipel et al. 2004 . The geochronological data support a model of contemporaneous deformation, metamorphism, and granite magma formation within the crust and can be interpreted as the result of deep burial of crustal lithologies followed by decompression during rapid exhumation of the Moldanubian root zone (Schulmann et al. 2005) . Given this synchroneity and the voluminous but short flare-up of granitic magmatism, it becomes more and more likely that heat was induced by an external source and it seems reasonable to assume that a sudden heat input from hot underplated material triggered melting (Bergantz 1989 , Kalt et al. 2000 .
Inherited zircons and their significance
The Palaeozoic and Precambrian ages found in some of the zircon fractions clearly reflect the existence of inherited zircon cores. Due to the limitations of the U -Pb and Pb -Pb methods in spatial age resolution of a poly-metamorphic zircon grain the protoliths ages of the minor intrusions remain poorly constrained. The zircon 207 Pb/ 206 Pb isotope dilution ages and the 207 Pb/ 206 Pb evaporation ages derived from the highest temperature evaporation steps show a significant age component between 700 and > 330 Ma (Fig. 5) . The data shown in this figure also suggests the presence of Mesoarchean and Proterozoic zircon components. These older ages are supported by Nd model ages ( Table 5 ) which confirm that a certain quantity of material represented by the granitoids was added to the crust already during pre-Phanerozoic times. It must be mentioned that the age distribution shown in Fig. 5 reflects various mixtures of detrital and magmatic zircon components. The presence of ages > 1900 Ma, however, suggests a Palaeoproterozoic (or older) prove- nance for the original sources from which the granites were derived. SHRIMP studies of zircons from paragneisses of the Regensburg Forest and orthogneisses from other parts of the Moldanubian zone of eastern Bavaria yield U -Pb ages mainly in the range between 750 -530 Ma (Gebauer et al. 1989 ) and 550 -470 Ma (Teipel et al. 2004 ) and some grains contain Proterozoic and Archean components. Ages between 750 -320 Ma were derived from a paragneiss zircon population in an earlier study (Grauert et al. 1974 ). The overall detrital zircon age spectrum from exposed metamorphic rocks reported in these studies is similar to the ages presented in Fig. 5 . It seems likely, therefore, that the granitoids in the Regensburg Forest were mainly derived from crustal sources with little or no addition of mantle material during their generation.
Source-rock evaluation
From the limited chemical variation and less evolved composition (i. e. low Rb/Sr ratios) it is evident that the minor intrusions crystallized from less fractionated melts with limited in situ fractional crystallization. Based on their mineralogy, enclave-type, zircon inheritance and Sr -Nd isotope compositions ( Table 5 ) we suggest that the intrusions represent essentially pure crustal melts (see Clemens 2003) . Granitoids from adjacent areas (Kristallgranite I, Ödwies granodiorite) were interpreted as products of in situ melting of the adjacent country rock gneisses (Propach 1989 , Propach et al. 2000 . The following paragraph deals with the geochemical signatures that are to be expected from such source-rock compositions during fluid-absent partial melting process, the most likely process for the generation of S-type magmas (Clemens & Watkins 2001) . For the sake of simplicity we do not evaluate magma-mixing models or the addition of juvenile melts from the mantle in this article.
There is a broad overlap in Sr -Nd isotopic composition between the granitoids and their country rock diatexites (Table 5) . A partial melting process, however, will normally create Sr -Nd disequilibrium during crustal anatexis (Ayres & Harris 1997 , Chavagnac et al. 1999 , Tommasini & Davies 1997 , Davies & Tommasini 2000 , Zeng et al. 2005 ) and the isotopic composition of the granitoid melt alone cannot simply be used as an isotopic fingerprint of the source. Major oxide and trace element modelling provides an alternative frame to estimate the source-rock characteristics. Constraints on potential source material can be placed by considering experimental melting results (Patiño Douce 1999) from different meta-sedimentary sources that occur in the Regensburg Forest (greywacke, pelite or amphibolite). Melts derived from amphibolites are richer in CaO and have lower total alkalis compared to mica-rich pelitic sources. In contrast, melts derived from muscovite-rich sources are lower in FeO + MgO + TiO 2 compared to those from biotite-rich sources. In Fig. 6 the experimen- tally derived melt compositions from such rocks are compared with the compositions of the minor intrusions. The latter plot in the compositional field diagnostic for partial melting of amphibolite (Stallwang granodiorite) and mafic pelite (granite porphyry dykes) whereas samples from the two-mica granite extend in the field of felsic pelite. For comparison, geochemical data for diatexites (i. e. characteristic country rocks) are also shown in Fig. 6 . These rocks plot along a trajectory similar to that of the minor intrusions. In contrast to granite magma formation, where the partial melt fraction is removed from the crystalline residue, we believe that the diatexite, whose protolith was most likely a greywacke, did not experience significant melt extraction. Partial melting of a diatexite involving melt-residuum separation would, for example, result in more leucocratic melt fraction than represented by the granodiorite and the granite porphyry dykes. We therefore suggest that these intrusions record the melting of other materials than presently exposed diatexites. These intrusions were probably derived from a more mafic protolith. Likely source-rock compositions for these rocks are mafic pelite and/or amphibolites of the Variscan lower crust. The diatexites, however, could represent a more likely progenitor for the two-mica granites.
Conclusions
Minor granitic intrusions in the Regensburg Forest yield consistent intrusion ages of~323 Ma, similar to the inferred crystallization age of the nearby Kristallgranite I and Ödwies granite (Propach et al. 2000) . The narrow range of ages in different rock-types is interpreted as representing an almost synchronous crustal melting event in this region of the Bohemian Massif triggered by an external (mantle lithosphere) heat source. All rocks contain plenty of zircons with older cores resulting in a spectrum of ages that closely resembles zircon systematics in other Moldanubian basement lithologies. The occurrence of a substantial restitic zircon population supports the derivation of the granitoids from crustal precursors. The 700 to > 330 Ma range of 207 Pb/ 206 Pb apparent ages which are even present within a single sample, results from mixing of different zircon populations (but not necessarily different protoliths) in the magma. Although the granitoids have similar Sr -Nd systematics as the country-rocks, source-rock evaluation shows that only the two-mica granites can be regarded as products of partial melting equivalent to presently exposed diatexites. Sources for the granite porphyry dykes and the Stallwang granite are constrained to be different from exposed diatexites and might comprise mafic pelites and amphibolites of the ancient lower crust.
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